In this paper, an improved Failure Modes, Effects and Criticality Analysis (FMECA) method for wind turbine reliability investigation is proposed. According to previous work, the main deficiencies of Risk Priority Number (RPN) based criticality analysis are presented. For the qualitative analysis, failure modes and main causes of a gearbox are analyzed on subcomponents level with available data. After that, inspection approaches are provided and mitigation methods are recommended from both design and maintenance stage. For criticality analysis, another index, Probable Profit Loss (PPL) is created and all the parameters are carefully defined to overcome the limits of conventional RNP method. Moreover, to make PPL applicable for maintenance tasks, different maintenance types are considered for profit loss calculation. The criticality rank shows the efficiency of the index and can be used as reference for making maintenance schedules.
Introduction
Wind energy has been considered as an effective sustainable resource for reducing the carbon dioxide emission and supporting the economic development.
According to [1] , until 2015, the cumulative installed wind capacity in the world is 432.883 GW, in which offshore wind power capacity is 12.107 GW. Figure 1 shows the cumulative global installation of wind energy in the past 5 years. The huge amount of installation shows the prosperous of global wind market.
Meanwhile challenges are also emerging behind the big numbers.
One of the challenges is the reliability and safety due to the high penetration of wind energy into power systems. Under this scenario, the uncertainty of wind power adds a new factor which may impact the transmission grid. Another challenge is that because of the huge amount of installation of wind turbines, especially large scaled offshore wind farms, the Operation and Maintenance (O&M) investment will increase to a high level which will pull down the profit of the wind industry. One way to solve these two problems is to increase the reliability of wind turbines in both design and operation stages. To achieve that goal, many excellent works [2] [3] [4] [5] have been done.
In this area, on branch is focusing on failure analysis which is based on expertise experience and failure information. As is introduced in [2] , some of the failure analysis methods and tools are: Cause-Consequence Analysis, Event Tree Analysis, Fault Tree Analysis, Hazard & Operability Analysis, Failure Modes and Effects Analysis (FMEA) and so on. FMEA is supposed to be one of the best candidates for reliability analysis for design stage and has been used for many power generation engineering systems [6] . In [7] , the main advantage of FMEA can be summarized as highly consecutive and hierarchical structure. Generally, Failure Modes Effects and Criticality Analysis (FMECA) can be considered as an upgrade of FMEA because it is a two steps method which FMEA is the first step and Criticality Analysis is step 2. Therefore, FMECA method inherits the advantages of FMEA and provides new insight into reliability analysis.
In wind turbine FMECA field, [6] used FMEA for wind turbine reliability analysis and made comparison between FMEA results and field data. In [8] , FMEA was applied to the design for 2 MW R80 wind turbine by comparing the reliabilities of three versions of the geared R80 with different drive train solutions. Even though the conventional FMEA method has many advantages in reliability analysis, some weak points have been presented in [2] and [9] as follows: 1). RNP numbers are determined by personal experiences and hence the results are subjective and differ with people.
2). RPN numbers generated from different wind turbines are incomparable since the configuration of wind turbines varies.
3). Even though the RPN numbers provide valuable information for criticality identification, lack of physical meaning makes it difficult to be explained. 4). From the O&M perspective, RNP needs upgrade to take economic index into consideration to show the true risk of different failure mode. 5). The failure mode which has low occurrence frequency but serious effects may generate a small RPN number leading to low criticality rank.
To improve the conventional FMECA method, authors in [10] proposed a fuzzy FMEA method for floating wind turbine risk analysis to avoid the effect of subjectivity. In [11] , a risk based FMEA method was developed and incurred failure cost instead of rating scales. However, the definition of the loss of failure needs more clarification. A similar method had been proposed in [9] to compare the risk of offshore and onshore wind turbines, however, maintenance types which have impact on total cost on O&M were not considered in this paper.
Authors in [12] created a fuzzy FMEA method with failure cost taken into account for offshore wind turbines. The fuzzy theory may ease the problem caused by subjectivity. However, one of the main advantages of FMEA, straightforwardness for application, could be weaken if complicated theories are adopted.
Hence, to overcome the drawbacks of conventional FMEA while keeping its benefits, more work are required to be done.
Motivated by this idea, the main goal of this paper is to update the qualitative failure mode and effects analysis with available data while improving the economic index from the O&M perspective. The rest of this paper is organized in the following way. In Section 2, a qualitative analysis on wind turbine gearbox failure mode, effects, main causes and mitigation methods is presented. After that, an improved economic index for criticality identification is proposed in Section 3.
In the conclusion, a summary of all the findings in this paper is presented.
Qualitative Analysis on Failure Modes, Effects, Main Causes and Mitigation Methods
The framework of FMEA is an open process which can be updated when new field information is available. Considering the wind turbine is under investigation, the presentative configuration of FMEA is shown as Figure 2 . The determination on which level the research should stay is depended on data sufficiency and the perspective. Thanks to the excellent work in [13] , more failure information of gearbox subcomponents are provided. In [6] [11] and [3] , the failure analysis focused on wind turbine components level due to the lack of field data in detail. However, if considering maintenance as the main goal of FMEA, the subcomponents level is more preferable as the maintenance type is depended on which subcomponent is suffering damage [14] . From [15] , failure information of wind turbine components can be summarized in Table 1 . The failure frequency of gearbox does not rank high among all the components, the consequence however, ranked the first place in this case.
Therefore, in this section, gearbox is selected for subcomponents FMEA. To avoid subjectivity, the failure modes, main causes and mitigation methods of gearbox are summarized from the experiment data provided in [16] . The presentation configuration of a gearbox is shown as After subdivision of a gearbox, the failure information about each subcomponents is provides as Figure 4 . About 48% of gearbox failures should be attributed to HSS bearing. Which means it needs more attention during both design and operation stage.
When observing the failure modes and main causes of gearbox subcomponents, bearings, gears and lubricant oil system are selected because they are basic instruments of all the subcomponents. For qualitative analysis, the first step is to clarify failure modes and the related main causes. After that, inspection and mitigation methods are recommended. The failure modes and main causes of gearbox subcomponents are shown in Table 2 .
According to the failure information, the available inspection methods are 
Quantitative Analysis: Critical Components Identification
In this section, an improved method for critical components identification is created inspired by the conventional RPN approach. Field data are adopted to avoid subjectivity and lack of physical meaning rooted in RPN method. Furthermore, to point out the interest of this work, an economic index is proposed to connect FMECA to wind turbine maintenance. From the operators' perspective, an index is more preferable if it is easy to understand and apply. Hence, to keep the straightforwardness of the conventional RPN method and provide information that is directly related to profit, a new index named as Probable Profit Loss (PPL) is created with the general form as Equation (1) .
in which, F refers to failure rate, D represents undetected possibility and L denotes the profit loss. All these three parameters are calculated with field failure data and maintenance record. Moreover, this index has easy scalability due to its concise form. The first step is to define all three parameters with acceptable mathematical support. The definition of F can be written as Equation (2).
where, f(t) refers to the time to first failure distribution and R(t) is the reliability function which means the probability of no failure before time t. Based on this form, failure rate is actually not a probability since it can exceed 1. To make it convenient for application, Nelson-Aalen estimator is used to calculate this parameter. A Nelson-Aalen estimator can be expressed as Equation (3).
in which s is the number of events that lead to the breakdown of a certain device and n refers to the total number of devices that are included. In this work, annual failure rate of the wind turbine components is adopted for calculation.
Considering the total number of failures are constituted with two parts. One part is the failures in the record, the other one is the failures that are detected during their evolving stages with the existing inspection methods. Then the undetected possibility, i.e. D, can be calculated with Equation (4).
where F r refers to the failures which actually happened in certain periods and F d represents the failures that are prevented by inspection methods.
The most important parameter is the profit loss related to the breakdown of a certain component. This parameter has been defined in [9] and [11] . However, neither of them considered the seriousness of different failure modes which impact the choice on maintenance types. The general profit loss L can be expressed as Equation (5). For each maintenance type i,
In which, L is the loss generated from transportation. All these parameters are defined with Equation (6) to Equation (8) .
where S is the salary of the maintenance technicians with metric as £ h .
t M
(hr) is the maintenance time. Parameter p is the expected power factor during maintenance. a P is the average electricity price. In this paper, the electricity price is considered to be constant. i C refers to the cost of spare parts if a component needs replacement.
In which i t W (hours) refers to the delayed time due the weather window considering maintenance type i . i t L is the logistic time for purchasing spare parts for replacement. The weather window is very important for offshore wind turbine maintenance as vessels and helicopters are forbidden to go to the site if certain weather parameters reach the limit.
where i v C is the cost for renting transfer vehicles, and f C refers to the cost of fuel.
For components criticality identification, the maintenance related cost for component A which has m failure modes and n maintenance types can be calculated with Equation (9).
To verify the proposed PPL index, available field data from [14] are adopted.
According to this paper, 5 maintenance types are defined in Table 3 .
More information about the cost of each maintenance type for different components and the rent for typical vessels considering maintenance for offshore wind turbines are available in the appendix of [14] . After applying the PPL me-thod, a criticality rank of wind turbine components is shown as Table 4 . It is obvious that this index emphasizes the effects of components failure by introducing parameter L. Since all the data is averaged annual value, this result can also been considered as the estimated annual loss due to failures.
The PPL index implies that, although the failure rate of support and housing component is pretty low, the high profit loss and poor detection probability make it the most critical part among all the components. It recommends more research in failure detection for support and housing component and more attention during operation. Moreover, the rank list provides insight into the inspection priority when different parts are in bad condition. All the PPL results are comparable with each other even though the components are from different wind turbines because PPL means the probable loss.
To compare PPL with conventional RPN method, the criticality rank list generated from [9] and [10] is used as reference. Table 5 shows the criticality rank of components of awind turbine based on RPN method.
Despite of the different subdivision of a wind turbine, the components which rank higher in RPN rank list also gets a higher place in 
Conclusion
FMEA and FMECA are widely used reliability analysis methods which provide useful information for design stage. For wind turbines health management, maintenance is also an important way to increase the reliability of wind farms.
In this paper, an improved FMECA method is proposed focusing on wind turbine maintenance. After analyzing failure modes and main causes of gearbox on subcomponents level with available data, inspection approaches are provided and mitigation methods are recommended from both design and maintenance stage. Moreover, PPL index is created by taking both maintenance types and profit loss related to component failure into consideration. All the parameters are carefully defined and the results show the efficiency of the proposed method.
The PPL index is suitable for reliability analysis on different levels and can easily update when new field data is available. The future work is to investigate the sensitivity of PPL to the change of D parameter, which can be used as the criterion for the inspection methods applied for wind turbine failure detection.
